Aim: To evaluate the impact of extracellular and intracellular Ca 2+ on contractions induced by ethanol in smooth muscle. Methods: Longitudinal smooth muscle strips were prepared from the gastric fundi of mice. The contractions of smooth muscle strips were recorded with an isometric force displacement transducer. Results: Ethanol (164 mmol/L) produced reproducible contractions in isolated gastric fundal strips of mice. Although lidocaine (50 and 100 µmol/L), a local anesthetic agent, and hexamethonium (100 and 500 µmol/L), a ganglionic blocking agent, failed to affect these contractions, verapamil (1-50 µmol/L) and nifedipine (1-50 µmol/L), selective blockers of L-type Ca 2+ channels, significantly inhibited the contractile responses of ethanol. Using a Ca 2+ -free medium nearly eliminated these contractions in the same tissue. Ryanodine (1-50 µmol/L) and ruthenium red (10-100 µmol/L), selective blockers of intracellular Ca 2+ channels/ryanodine receptors; cyclopiazonic acid (CPA; 1-10 µmol/L), a selective inhibitor of sarcoplasmic reticulum (SR) Ca 
Introduction
Alcohol (ethanol) in its various forms is used for both medicinal and social purposes. The widespread use of ethanol has led to considerable efforts to define the mechanisms of its action. Recently, it has been suggested that ethanol interferes with excitation-contraction mechanism [1] . Some studies have evaluated the possible role of Ca 2+ to clarify this phenomenon [1] [2] [3] . However, the underlying mechanisms of this effect are still not fully understood. Additionally, existing experimental results are controversial. For example, Belia et al posited that the increment of Ca 2+ by ethanol is considered to be the consequence of activation of L-type voltagedependent calcium channels [1] . In contrast Oz et al suggest that ethanol inhibits the function of voltage-dependent Ca 2+ channels [4] . Similarly, controversial results have been reported relating to the effect of ethanol on intracellular Ca 2+ levels. For example, Werber et al reported that ethanol could evoke Ca 2+ release from intracellular stores in arterial smooth muscle cells [2] . In contrast, Cofan et al suggest that ethanol can decrease intracellular calcium ion transients in skeletal muscle [3] . Therefore, in the present study, we aimed to clarify the relationship between Ca 2+ and the excitation-contraction mechanisms of gastric smooth muscle by ethanol. Ca 2+ plays a major role in the regulation of cell functions. This ion makes its entrance into the cytoplasm either from outside the cell through the cell membrane via calcium channels, or from internal calcium storages. Therefore, in the present study, to evaluate the role of Ca 2+ we examined the role of both extracellular and intracellular Ca 2+ on contractions induced by ethanol in the gastric fundi of mice.
Materials and methods

Animals and experimental design
Swiss albino mice of either sex, weighing 20-25 g, were used for the experiments. Approximately equal numbers of each sex were used in each experimental group. The experimental The impact of extracellular and intracellular Ca 2+ on ethanol-induced smooth muscle contraction
Tissue preparation
Mice were fasted for 24 h with free access to water, then killed by stunning and cervical dislocation. The stomach was removed and longitudinal muscle strips (approximately 15 mm×3 mm) were prepared from the gastric fundus (one strip from each animal). The strips were then mounted under a resting tension of 0.5 g in 10 mL organ baths containing Tyrode's solution (mmol/L: NaCl 136.7, KCl 2.6, CaCl 2 1.8, MgCl 2 ·6H 2 O 0.95 NaH 2 PO 4 ·2H 2 O 0.41, NaHCO 3 11.9, glucose 5.05). The bath medium was maintained at 37 o C and bubbled with 95% O 2 and 5% CO 2 . Each preparation was washed with fresh Tyrode's solution at 15 min intervals during a 1 h equilibration period. The responses were recorded with an isometric force displacement transducer (MAY, FDT 0.5). Data were recorded and stored using data acquisition software (BIOPAC, MP35 System, Inc).
Protocol
In the present study, two sets of experiments were performed, each of which is detailed below.
In the first set of experiments, after a preincubation period of 1 h, the basal tonus of the preparation was recorded for 5 min and then ethanol (164 mmol/L) was added to the organ baths. The addition of ethanol resulted in contractions reaching a steady state within 10 min. The tissue was then rinsed with Tyrode's solution and allowed to rest for 40 min. After resting, the protocol was repeated. This set of experiments served as the general control group (n=12).
The second set of experiments was conducted after the first ethanol (164 mmol/L) response was recorded and the tissue was rinsed with Tyrode's solution. Preparations were incubated separately with lidocaine (50-100 µmol/L), hexamethonium (100-500 µmol/L), verapamil (1, 10, 50 µmol/L), nifedipine (1, 10, 
Results
Control experiments
Ethanol produced reproducible contractions in the isolated gastric fundal strips of mice. In each experiment, two contractile responses were analyzed (Table 1, Figure 1 ). In all experiments, after the experimental protocol was completed, the preparation was washed and the third contractile response was obtained.
Effects of lidocaine and hexamethonium
Lidocaine (50 and 100 µmol/L), a local anesthetic agent, and hexamethonium (100-500 µmol/L), a ganglionic blocking agent, failed to affect the contractions induced by ethanol in the isolated gastric fundal strips of mice (Table 2 ). These Table 1 . The contractile effect of ethanol (164 mmol/L) in isolated gastric fundal strips of mice. For each group, the points are means±SEM of gastric fundal strips from 12 animals. 
First application Second
Effects of intracellular Ca
2+ on ethanol-induced contractions The highest concentration (50 µmol/L) of ryanodine, a selective blocker of intracellular Ca 2+ channels/ryanodine receptors, significantly inhibited (P<0.05) the contractile responses to ethanol ( Figure 5A , 5B). The lower concentrations (1, 10 µmol/L) of this drug decreased the effect of ethanol ( Figure  5B ). This agent did not cause any significant alterations in the basal tones of the preparations ( Figure 5A ; wash-out response of this group: 25±3.1). The effect of this agent was irreversible. The other selective blocker of ryanodine receptors, ruthenium red (10, 50, 100 µmol/L), significantly inhibited (P<0.05) the contractile responses to ethanol at all concentrations used (Figure 9 ). In addition, the combination of ryanodine (10 µmol/L)+CPA (10 µmol/L) also potentiated the inhibitory action of ryanodine (10 µmol/L) and CPA (10 µmol/L) on ethanol-induced contractions. This inhibition was significantly different (P<0.05) from those of both ryanodine (10 µmol/L) and CPA (10 µmol/L) ( Figure 9 ). Furthermore, the combination of caffeine (5 mmol/L)+ryanodine (10 µmol/L)+CPA (10 µmol/L) completely eliminated the contractile responses to ethanol in the gastric fundal strips of mice ( Figure 9 ).
Discussion
In our study, we aimed to investigate the role of Ca 2+ on contractions induced by ethanol in the mouse gastric fundus. Since we obtained more stable contractile responses with 164 mmol/L (1 v/v) of ethanol in our preliminary experiments, we used this concentration in the current study. The experimental results of a study by Cooke and Birchall support our choice of this ethanol concentration [5] . In their study, the authors reported that gastric muscle is exposed to ethanol concentrations higher than those in blood. In addition, Sim et al also reported that a 342 mmol/L (2 v/v %) concentration of ethanol used in isolated cat gastric fundi appears to be attainable in the stomach muscle tissues of living animals [6] . In light of this, we believe that the ethanol concentration used in the present study is acceptable for use with the gastric fundus.
To clarify if the effects of ethanol are due to muscular or neuronal causes, we used hexamethonium and lidocaine to prevent neuronal action potentials. Hexamethonium is a ganglionic blocking agent [7] . It can act on receptors at pre-ganglionic sites in both the sympathetic and parasympathetic nervous systems, both of which are regulated only pre-ganglionically by nicotinic acetylcholine receptors [7] . Hexamethonium has no effect on the muscarinic acetylcholine receptors located on target organs of the parasympathetic nervous system, nor on nicotinic acetylcholine receptors at the neuromuscular junctions that are responsible for skeletal muscle motor response. Lidocaine, a local anesthetic agent, alters depolarization in neurons by blocking the fast voltage gated sodium (Na + ) channels in the cell membrane [8] . With sufficient blockage, the membrane of the presynaptic neuron will not depolarize and so will fail to transmit an action potential. With lidocaine, there is a high npg degree of selectivity in the blockage of neurons and neuron signaling [8] . In this study, hexamethonium and lidocaine failed to affect the contractions induced by 164 mmol/L ethanol in isolated gastric fundal strips of mice. Our present data suggest that ethanol may directly affect the muscle cells of the gastric fundus. The results of a study conducted by Keshavarzian et al confirm our hypothesis [9] . Since the effects of ethanol in cat esophagi were not eliminated by cervical vagotomy or intravenous tetrodotoxin (TTX), the authors suggested that ethanol has a direct effect on the esophageal muscle cells of cats [9] . Similarly, Sim et al reported that the effect of ethanol was not inhibited by atropine (1 µmol/L), hexamethonium 1 µmol/L, phentolamine (1 µmol/L), propranolol (1 µmol/L) or TTX (1 µmol/L) in cat gastric smooth muscle [10] . Zhang et al also confirmed our hypothesis [11] , and suggested that ethanolinduced contractions in canine cerebral vascular tissues are a result of direct actions on the smooth muscle cells [11] . Ca 2+ plays a major role in the regulation of various cell functions. This ion enters the cytoplasm either from outside the cell through the cell membrane via calcium channels, such as voltage-gated calcium channels, or from internal calcium storages in sarcoplasmic/endoplasmic reticulum. Therefore, in the present study, to evaluate the role of Ca 2+ , we examined the influence of both extracellular and intracellular Ca 2+ on contractions induced by ethanol in the gastric fundal strips of mice.
In order to evaluate the role of extracellular Ca 2+ on ethanolinduced contractions, we examined verapamil, nifedipine and a Ca 2+ -free medium in separate experimental groups. Verapamil and nifedipine, selective blockers of L-type Ca 2+ channels, caused dramatic inhibitions on contractions induced by ethanol in the isolated gastric fundal strips of mice. The Ca 2+ -free medium nearly eliminated these contractions. These results suggest that extracellular Ca 2+ and voltage-dependent L-type calcium channels may have important roles in ethanolinduced contractions in the related tissue. A similar suggestion was advanced by Zhang et al [11] , who suggested that extracellular Ca 2+ is necessary for ethanol to induce contractions [11] . In addition, Tirapelli et al also suggest that the enhanced vascular response to phenylephrine in the aortas of ethanoltreated rats is maintained by an increased extracellular Ca 2+ influx [12] . The results of Walter and Messing are in line with our data [13] . In that study, it was reported that exposure to ethanol is associated with increases in functional L-type channels [13] . The experimental results of a study by Altura et al also confirm our data [14] . In that study, the authors reported that ethanol produced contractile responses in rat cerebral arterioles and venules, and that two selective blockers of L-type calcium channels, nimodipine and verapamil, inhibited the alcohol-induced cerebrovasospasms [14] . In another study, the role of L-type Ca 2+ channels was emphasized in the effects of ethanol on rat fetal hypothalamic cells in culture [15] . In addition, the results of a study by Lombardi et al reported data that aligns with our hypothesis [16] . In that study, nifedipine inhibited the bronchoconstriction induced by ethanol in normal healthy volunteers. In our study, it seems that ethanol would directly activate the L-type calcium channels of smooth muscle cells in the mouse gastric fundus. Since ethanol also has a nonpolar character, it is likely that the binding site of ethanol is a hydrophobic site on the channel. Further work is needed to clarify this point. A similar suggestion was made by Oz et al [4] , who suggest that ethanol directly binds to voltage-dependent calcium channels. They also reported that the binding site of ethanol is a hydrophobic pocket on the channel protein [4] . The results of a study by Simasko et al also confirm our suggestion. In that study, it was reported that ethanol could directly modulate cytoplasmic calcium levels in hypothalamic cells, mostly by a pathway that involves extracellular Ca 2+ and voltage-dependent calcium channels [15] . To clarify the role of intracellular Ca 2+ on ethanol-induced contractions, we first used two specific antagonists of ryanodine receptors: ryanodine and ruthenium red. Ryanodine receptors (RyRs) form a class of intracellular calcium channels present in various forms of excitable animal tissues such as muscles and neurons. It is the major cellular mediator of calcium-induced calcium release in animal cells. RyRs mediate the release of calcium ions from the sarcoplasmic/endoplasmic reticulum, an essential step in muscle contraction. Ryanodine and ruthenium red are the specific antagonists of RyRs [17] . Ryanodine locks the RyRs at a half-open state at nanomolar concentrations, yet fully closes them at micromolar concentrations [18] . In our study, micromolar concentrations of ryanodine and ruthenium red significantly inhibited the contractions induced by ethanol in isolated gastric fundal strips of mice. This result suggests that RyRs, in other words, intracellular Ca 2+ , may have a impact on contractions induced by ethanol in the gastric fundal strips. The results of a study conducted by Oba et al confirm our results [19] , reporting that ethanol potentiates the Ca 2+ -induced Ca 2+ release mechanism, which is related to RyRs [19] . In our study, we also used cyclopiazonic acid (CPA), a selective inhibitor of sarcoplasmic reticulum (SR) Ca 2+ -ATPase (SERCA), to clarify the role of intracellular Ca 2+ on ethanolinduced contractions in the gastric fundus. SERCA plays a central role in muscle contractility [20] . SERCA actively transports Ca 2+ into the SR and regulates cytosolic Ca 2+ concentration, SR Ca 2+ load, and the rate of contraction and relaxation of the muscle [20] . In the present study, CPA significantly inhibited (P<0.05) the contractions induced by ethanol in isolated mouse gastric fundal strips in a concentration-dependent manner. This result suggests a role for intracellular Ca 2+ in contractions induced by ethanol and corroborates the results found with ryanodine and ruthenium red.
In the present study, we also used caffeine, a depleting agent of intracellular Ca 2+ stores, to confirm the role of intracellular Ca 2+ stores in ethanol contractions. Caffeine is a Ca
2+
-releasing agent that affects intracellular calcium stores. It activates RyRs by potentiating sensitivity to native ligand Ca 2+ , then it depletes intracellular Ca 2+ stores [18, 21] . In this study, caffeine significantly inhibited (P<0.05) the contractile responses to ethanol in the isolated gastric fundal strips of mice. This result supports a role for intracellular Ca 2+ . The results of a study [2] . In that study, the authors reported that ethanol evokes vasoconstriction in rat aortas, mediated by caffeine-sensitive pools. In addition, the combination of caffeine plus CPA potentiated the inhibitory action of caffeine on ethanol-induced contractions.
Furthermore, we also tested the combinations of ryanodine +CPA and ryanodine+CPA+caffeine. The combination of ryanodine+CPA potentiated the inhibitory action of ryanodine and CPA on ethanol-induced contractions. The combination of ryanodine+CPA+caffeine completely inhibited the contractile responses to ethanol in gastric fundal strips of mice. This finding further confirms the impact of intracellular Ca 2+ on ethanol-induced contractions in the gastric fundal strips of mice. The results of a study made by Zhang et al are in accord with our suggestion [22] . In that study, the authors reported that treatment of smooth muscle cells with ethanol resulted in an elevation in intracellular Ca 2+ . The results suggest that intracellular Ca 2+ may also have an important role in contractile responses induced by ethanol in the gastric fundus.
Overall, the data of the present study could be used to suggest that both extracellular and intracellular Ca 2+ have important roles in regulating ethanol-induced contractions in the gastric fundus of the mouse.
